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摘 要 
1,3-丙二醇是一种重要的化工原料，发酵法生产 1,3-丙二醇是一环境友好的
生产方法，但由于发酵液成分复杂，导致下游分离成本较高。本论文的目的是利
用阳离子树脂从丁酸梭菌的 1,3-丙二醇发酵液中吸附分离 1,3-丙二醇，主要研究
了 1,3-丙二醇的吸附机理和“絮凝-活性炭除色-阳离子树脂动态吸附/洗脱-减压蒸
馏”的 1,3-丙二醇分离提取新工艺，主要结果如下： 
（1）研究了 12 种树脂对 1,3-丙二醇的静态吸附能力，发现 001×7 氢型树脂
对 1,3-丙二醇的吸附效果最好。研究了 1,3-丙二醇在 001×7 氢型树脂上的吸附平
衡特性和热力学特性。1,3-丙二醇的吸附遵循 Langmuir 吸附等温模型；在热力学
方面， 0G ， 0H ， 0S ，说明 1,3-丙二醇的吸附为熵增的可自发进行
的吸热过程；甘油比 1,3-丙二醇更容易吸附到树脂上，甘油吸附也遵循 Langmuir
吸附等温模型。 
（2）采用动边界模型描述 1,3-丙二醇在 001×7 氢型树脂上的吸附动力学特
性。1,3-丙二醇的吸附主要受颗粒内扩散控制，增加 1,3-丙二醇浓度、减小树脂
粒径及升高温度均有利于吸附的进行；1,3-丙二醇的反应级数 α 为 0.644，速率常
数 k0 为 3.11×10
-3，表观活化能 Ea 为 11.5 kJ mol
-1；甘油与 1,3-丙二醇具有相似的
吸附动力学特征，但少量甘油的存在不会明显影响树脂对 1,3-丙二醇的吸附效
果。 
（3）用壳聚糖对发酵液进行絮凝预处理，通过单因素及正交实验得到优化
的絮凝工艺：pH 5.0、絮凝剂用量 0.600 g L-1、搅拌速率 200 r min-1、温度 25 °C、
搅拌时间 20 min；在优化的工艺条件下，菌体去除率 98.8%，蛋白质去除率 88.4%，
1,3-丙二醇损失率仅 1.09%；加入 6.00%粗颗粒硅藻土可显著提高过滤速率；加
入 2.00%活性炭进行除色，除色率为 91.9%。 
（4）以经预处理的发酵液为体系，考察 1,3-丙二醇浓度、流速、温度和树
脂堆积高度对 1,3-丙二醇动态吸附的影响。随 1,3-丙二醇浓度和流速的增大，达
到树脂吸附平衡饱和点的时间缩短，吸附床传质区高度（MTZ）增大，树脂吸附
率（A）变小；1,3-丙二醇浓度和流速过低会使饱和点出现过晚，导致生产效率
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下降；温度对动态吸附过程影响较小；树脂吸附率随床层堆积高度的增加而提高；
Yoon-Nelson 模型对各条件下的动态吸附均能进行较好的拟合。实验范围内，当
1,3-丙二醇浓度为 30.0 g L-1、流速为 1.00 mL min-1、床层堆积高度为 30.0 cm 和
温度为 298 K 时，吸附效果较好，吸附量为 2.13 g，树脂对 1,3-丙二醇的吸附率
为 59.2%。  
（5）以乙醇-水体系为洗脱剂，研究了不同洗脱条件对 1,3-丙二醇和甘油分
离效果的影响。乙醇浓度越高，流速越低，越有利于 1,3-丙二醇的洗脱，洗脱量
越大；当用 75%乙醇以 1.00 mL min-1 的流速进行洗脱时，1,3-丙二醇的洗脱率达
95.3%，同时 1,3-丙二醇与甘油的洗脱曲线有明显的分离，前 54 mL 的洗脱液中
只含 1,3-丙二醇，含量为 1.64 g，占 1,3-丙二醇总洗脱量的 80.8%。对只含 1,3-
丙二醇的洗脱液进行减压蒸馏，所得的 1,3-丙二醇纯度为 99.2%。 
关键词：1,3-丙二醇；甘油；阳离子树脂；预处理；吸附分离
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Abstract          
1,3-Propanediol is an important chemical. Microbial production of 1,3-propanediol 
is an environmentally friendly technology. However, due to the low concentration and 
the complexity of the fermentation broth, the cost of downstream accounts for a 
considerable proportion of the whole costs. The article tried to use the cation resin 
adsorption technology to extract 1,3-propanediol from 1,3-propanediol broth 
fermented by Clostridium butyricum. The adsorption mechanism was studied firstly, 
then an effective procedure including flocculation, decolorization, dynamic 
adsorption/elution, vacuum distillation was used to separate 1,3-propanediol. The 
main research contents and conclusions were as follows: 
  Twelve resins were chosen to adsorb 1,3-propanediol and 001×7 H-form resin was 
found to be the best adsorbent. The Langmuir model was found to fit the measured 
adsorption data. The positive H and S values, negative G values suggested the 
adsorption was a spontaneous, endothermic reaction and an increase in randomness at 
the solid-liquid interface. Glycerol was easier to be adsorbed onto the 001×7 H-form 
resin than 1,3-propanediol，the adsorption equilibrium of glycerol was also described 
by the Langmuir model. 
  Shell progressive model was applied to describe the adsorption kinetics of 
1,3-propanediol onto the 001×7 H-form resin. The adsorption of 1,3-propanediol was 
mainly controlled by particle diffusion. Increasing the 1,3-propanediol concentration, 
reducing the resin particle size and elevating temperatures were favorable for the 
adsorption. The rate constant (k0) was 3.11×10
-3
, order reaction (α) was 0.644 and the 
apparent activation energy reaction (Ea) was 11.5 kJ moL
-1
. The kinetic model of 
glycerol was similar as 1,3-propanediol, small glycerol had little effect on the 
1,3-propanediol adsorption onto the 001×7 H-form resin. 
  Chitosan was used as flocculant, single-factor experiments and orthogonal 
experiments were carried out. The suitable conditions were as follow: pH 5.0, the 
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concentration of flocculant 0.600 g L
-1
, stirring speed 200 r min
-1
 and temperature 
25 °C. Under such conditions, flocculation ratio was 98.8%, protein removal rate was 
88.4%, while loss of 1,3-propanediol was only 1.09%. 6.00% coarse-grained 
diatomites were used and the filtration rate improved significantly. 2.00% activated 
carbons were used to decolor and the decolorization rate was 91.9%. 
  The pretreated fermentation broth was used to experiment. The factors including 
1,3-propanediol concentration, flow rate, temperature and fixed bed stacking height 
were discussed to study the dynamic adsorption of 1,3-propanediol. With the 
concentration and flow rate increased, the saturation point of time became short, 
height of the mass transfer zone (MTZ) increased and adsorption ratio (A) decreased. 
The saturation point appeared too late to improve the production efficiency when 
concentration and flow rate were too low. The effect of temperature was weak. The 
higher the stacking height was, the greater the adsorption capacity was. The 
Yoon-Nelson model had a good fitting degree with the adsorptive process. In the 
experimental range, the suitable conditions were as follow: the concentration of 
1,3-propanediol 30.0 g L
-1
, flow rate 1.00 mL min
-1
, stacking height 30.0 cm and 
temperature 298 K. Under such conditions, the adsorption capacity was 2.13 g and the 
adsorption rate was 59.2%. 
  The elution requirements were discussed to separate 1,3-propanediol and glycerol 
in the fixed bed. The ethanol-water was used as eluent. The elution quantity was 
higher when the ethanol concentration was higher and the flow rate was lower. The 
elution rate of 1,3-propanediol was 95.3% when 75% ethanol used in 1.00 mL min
-1
. 
The elution curves of 1,3-propanediol and glycerol had sharply separated, there was 
only 1,3-PD in the previous 54 mL. The amount of 1,3-propanediol was 1.64 g, 
accounting for 80.8% of the total eluted 1,3-propanediol. The eluate was purified 
by vacuum distillation, and the purity of 1,3-propanediol was 99.2%. 
Key words: 1,3-Propanediol; Glycerol; Cation resin; Pretreatment; Adsorptive 
seperation
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1 
第一章 绪论 
1.1 1,3-丙二醇的物理化学性质 
1,3-丙二醇（1,3-propanediol，简称 1,3-PD）是一种无色、无味、透明的粘稠
液体，具有吸湿性。常压下，其熔点为-27 °C，沸点为 214 °C；在 20 °C 和 101.3 
kPa 下，粘度为 60.5 mPa·s，比重为 1.0554，比热容为 2.49 kJ kg-1 °C-1，汽化热
为 711 kJ kg-1。1,3-PD 可与水、醇、醚等多种有机溶剂混溶，稍溶于苯和氯仿。
1,3-PD 的分子式为 C3H8O2，分子量为 76，结构式如图 1.1 所示。 
H2C
H2C
OH
OH
CH2
 
图 1.1 1,3-丙二醇的结构式 
Fig. 1.1 The structural formula of 1,3-propanediol  
1,3-PD 的分子结构体现了其典型的醇的化学性质：高温下能与羧酸缩合成
酯，与异腈酸盐及酸性氯化物反应生成聚氨酯；在金属催化剂催化进行气相脱水
时，会生成丙醛、丙烯醇和丙烯醛等；在强酸性催化剂催化下，1,3-PD 可与醛酮
类物质反应生成二噁烷，与二元酸反应生成聚酯；其最重要的用途是与对苯二甲
酸聚合反应生成聚对苯二酸丙二醇酯（PTT）[1]。PTT 具有良好发展前景，它不
仅耐化学污染，具有良好的回弹性，此外还具有易于着色、抗紫外线强、不易摩
擦起电和吸水较少等优势，有望与 PET、PBT 和尼龙形成强有力的竞争。1,3-PD
作为 PTT 的单体，将具有极为广阔的市场潜力，早在 21 世纪初，我国就把 1,3-PD
的生产技术开发列为“国家十五科技攻关项目” [2]。 
1.2 1,3-丙二醇的合成工艺研究进展 
早在 1948 年，美国 Shell 公司就申请了丙烯醛水合的方法合成 1,3-PD 的专
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